1 1 1 2 1 3 guillem.perez-lanuza@uv.es, 351252660409. Fax: 351252661780 1 4 1 5 1 6 ABSTRACT 1 7 Ultraviolet (UV) vision and UV colour patches have been reported in a wide range of taxa and are 1 8 increasingly appreciated as an integral part of vertebrate visual perception and communication systems.
INTRODUCTION
1 0 1 some fish species with UV sensitive photoreceptors are actually UV-blind because the ocular media block 1 0 2 UV wavelengths completely (Siebeck and Marshall, 2001, 2007; Nelson et al., 2001 ).
0 3
The retinas of most diurnal birds, turtles and lizards contain oil droplets that act as spectral filters 1 0 4 and enhance colour perception (Vorobyev, 2003; Stavenga and Wilts, 2014) . There are several types of 1 0 5 oil droplets, some of which are coloured and some colourless. Each oil droplet type is characteristically 1 0 6 associated with a specific type of cone photoreceptor, acting as a long-pass spectral filter that restricts the 1 0 7 range of wavelengths that reach the photopigment and decreases the overlap among cone responses 1 0 8 (Govardovskii, 1983; Vorobyev, 2003) . Therefore, characterizing the different oil droplet types may 1 0 9 provide an indirect route to identifying the different types of photoreceptors present in the retina (e.g. 1 1 0 Goldsmith et al., 1984; Bailes et al., 2006) . The evidence supporting this oil droplet -cone type 1 1 1 specificity is especially strong in birds, but recent research supports a similar specificity for diurnal 1 1 2 lizards (Loew et al., 2002; Bowmaker et al., 2005; Macedonia et al., 2009; Fleishman et al., 2011) .
3
Behavioural experiments that probe the animals' ability to discriminate among visual stimuli are 1 1 4 an alternative and time-honored approach to demonstrate colour perception in non-human animals (e.g. 1 1 5 Birgersson et al., 2001; Van-Eyk et al., 2011; reviewed in Kelber et al., 2003) . Behavioural experiments 1 1 6 are based on a discrimination test, where choices between visual stimuli are based exclusively on colour 1 1 7 differences (Goldsmith, 1990) . Behavioural data are widely recognized as the ultimate and most 1 1 8 convincing demonstration of colour discrimination because, when experiments are properly designed, the 1 1 9 response of experimental animals will reflect the overall result of physiological and neural processes 1 2 0 related to colour perception and discrimination (Kelber et al., 2003; Kelber and Osorio, 2010) .
2 1
Although colour vision and visual processes in diurnal lizards are believed to be highly 1 2 2 1 6 9
Fluorescence microscopy reveals that T and C droplets respond differently under UV illumination: C oil 1 7 0 droplets absorb UV and emit above 400 nm, whereas T droplets do not absorb (i.e. transmit) UV 1 7 1 wavelengths ( Fig. 2E, F ). Based on differences in cut-off wavelengths obtained by the use of microscopy 1 7 2 filters (Table 3) , and a comparison with previous work with other lizard species, we suggest that T, C, LY 1 7 3 and Y oil droplet types are part of the UVS, SS, MS and LS photoreceptors, respectively (Fleishman et 1 7 4 al., 1993; Loew et al., 2002; Bowmaker et al., 2005; Macedonia et al., 2009 ).
7 5
Spectral tuning of the SWS1 opsin 1 7 6 Table 4 shows the 13 critical amino acid positions for UV vision in the SWS1 opsin of 30 lacertid 1 7 7 species. The 13 sites are, but with two exceptions (Lacerta agilis and Mesalina simoni), identical to those 1 7 8 in the presumed ancestral vertebrate, which possessed UV vision, and similar to those in Anolis 1 7 9 carolinensis, a species in which UV visual sensitivity has been determined using MSP (λ max = 365 nm, 1 8 0 All the experimental males visited the two choice areas, but they spent significantly more time (i.e. scored 1 8 7 a higher number of sample points) in the choice area with the UV+ filter than in the choice area with the 1 8 8 UV-filter (N = 10, Wilcoxon matched-pairs test: Z = -2.376, P = 0.018). As experimental lizards were 1 8 9 observed only at intervals of 10 minutes (i.e. time sampling), we did not get a complete record of their 1 9 0 behaviour. However, during trials the experimental lizards showed mainly exploratory behaviours (such 1 9 1 as tongue-flicking). No agonistic behaviours or escape attempts were observed. Our experimental design 1 9 2 does not allow us to determine whether the experimental males' choice was based on the visual 1 9 3 appearance of the stimulus males or of the surrounding terrarium. It is also possible that male choice in 1 9 4 our experiment was based on brightness differences rather than on the wavelength composition of the two 1 9 5 stimulus conditions. However, as the two optical filters (UV+/ UV−) do not differ in transmittance in the 2002; Bowmaker et al., 2005; Macedonia et al., 2009; Fleishman et al., 2011) . Although research on the 2 4 0 lacertid visual system is still in its infancy, possessing four types of cones may indicate that lacertids have 2 4 1 four independent channels for processing colour information and therefore a tetrachromatic system of 2 4 2 colour vision. However, as the number of different cones does not explain per se the number of chromatic 2 4 3 dimensions in a colour visual system (Osorio et al., 1999) , future efforts should focus on determining the 2 4 4 number of neural channels related to chromatic discrimination in lacertids. 4 6
Several key aspects of lacertid biology may crucially depend on their ability to perceive UV stimuli. For 2 4 7 example, visual prey detection and recognition of aposematic colour patterns may be mediated by UV 2 4 8 vision. Indeed, insects and arachnids, which constitute the largest part of the lacertid diet (Carretero, 2 4 9 2004), often include conspicuous (or cryptic) colour patterns that reflect or absorb selectively in the UV 2 5 0 spectrum (e.g. Oxford and Gillespie, 1998; Kemp et al., 2005; Théry and Gómez, 2010) .
5 1
UV vision in lacertids is bound to be particularly important in relationship to visual 2 5 2 communication. As in other lizards (e.g. Lappin et al., 2006; Whiting et al., 2006) , the colour patterns 2 5 3 shown by many lacertids often encompass UV patches (with a single UV-reflective peak or a secondary 
6 1
Moreover, visual modelling reveals that the UV-reflective ventrolateral patches of Podarcis muralis are 2 6 2 responsible for the most contrasted patterns in the visual world of this lacertid, maximizing the 2 6 3 detectability of this colour trait (Pérez i de Lanuza, 2012).
6 4
Many of the UV patches of lacertids have their peak reflectance between 360 and 370 nm (mean 2 6 5 peak location = 368.5 nm ± 2.0 SEM, range 337-407 nm, calculated from 33 spots with a single UV-2 6 6 reflective peak and 16 spots with secondary UV-reflective peaks, corresponding to 33 species of lacertids: processes are selectively matched (Bradbury and Vehrencamp, 2011). However, as this coincidence is not 2 7 7 necessarily explained by a process of signal matching, more information is needed to test whether 2 7 8 selection acts on the chromatic properties of colour signals, on the visual sensitivity of receivers, or drives 2 7 9 both traits convergently.
8 0
The available evidence thus suggests that the UV component of lacertid coloration may be an 8 5 reflectance of the male breeding coloration was ignored until recently (Pérez i de Lanuza and Font, 2007).
8 6
The inclusion of the UV range of the spectrum in studies of male L. agilis' coloration has demonstrated Our results double the number of species of diurnal lizards in which UV vision has been described, 2 9 2 providing information on colour vision in a previously unexplored lizard clade. Essential aspects of 2 9 3 lacertid eyes, such as eye transmittance and oil droplet retinal composition, are similar to those described 2 9 4 in other diurnal lizards (Fleishman et al., 1993 (Fleishman et al., , 1997 (Fleishman et al., , 2011 Loew et al., 2002; Bowmaker et al., 2005;  2 9 5 Macedonia et al., 2009 ). These results demonstrate that lacertids have a complex colour vision entirely 2 9 6 comparable to that of iguanians, and reinforce the hypothesis that colour vision based on four types of 2 9 7 cones, including a specific UV sensitive photoreceptor, is shared and conserved by the main diurnal lizard samples from a total of 30 species were analysed (see Fig. 3 ).
7 5
We amplified exon 1 of the SWS1 opsin gene (292 nucleotides with primers, 256 nucleotides The experimental terraria (70 x 40 x 30 cm, width × length × height) were divided into a 4 0 5 stimulus area (S; 440 cm 2 ) and an experimental area (1920 cm 2 ) (Fig. 4A) . The latter contained a no 4 0 6 choice area (NE; 1120 cm 2 ) and two choice areas (E1 and E2; 620 cm 2 each). An opaque plastic barrier 4 0 7 separated the two choice areas. One side of the stimulus area was separated from the choice area in the respectively. As the UV opaque filter allowed some transmission of UV at longer wavelengths (Fig. 4B) , 4 1 6 the difference in transmission between the UV-and UV+ stimulus was pronounced at short wavelengths 4 1 7
and very small closer to 400 nm. We used two identical experimental terraria to allow simultaneous 4 1 8
running of two trials.
1 9
In each trial two males were used: an experimental male and a stimulus male (each lizard 4 2 0 participated in only one trial). Eighteen hours before each trial, both males were introduced into the The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 2 5 
